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This paper is concerned with vehicle lateral control for
Automated Highway Systems (AHS) studied as a part of the
California PATH1 Program. In the PATH lateral control
system, magnetometers are installed under both the front
and the rear bumpers of the vehicle; these magnetometers
measure the lateral deviation of the vehicle relative to the
magnets buried along the centerline of each automated lane.
Lateral controllers have been designed and tested success-
fully provided that there is no fault in magnetometers. It
has been argued that these controllers are NOT tolerant to
the fault in magnetometers. The focus of this paper is the
degraded mode lateral control under fault in rear magne-
tometers. The aim of the controller design is to accomplish
adequate performance with the remaining set of magnetome-
ters: the front magnetometers. The effects of the fault are
examined, and the significance of the linear time varying
(LTV) property of the front magnetometer based vehicle lat-
eral dynamics is recognized. Popular control methods for
LTV systems generally involve gain scheduling by switch-
ing between several LTI controllers. Such controllers are
complicated and it is difficult to prove the stability of the
switching mechanism. To derive a simple, effective LTV
controller, feedback linearization is applied to approximately
cancel out the time varying terms in the plant and to func-
tion as a gain scheduler. However, due to the weakly damped
zeros of the plant, feedback linearization with state feedbackress all correspondence to this author.
tners for Advanced Transit and Highways 1
ttps://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Uor matched observer state feedback results in weakly damped
internal dynamics. In order to tune the internal dynamics,
a mismatched observer is designed based on H-infinity opti-
mal control techniques. Experimental results are presented
to show the effectiveness of the controller design.
Introduction
Automated Highway Systems (AHS) have received con-
siderable attention in the context of developing intelligent
and efficient transportation schemes for the future. Since
1986, the California PATH Program has been vigorously
conducting research on AHS [1]. Research at the California
PATH was demonstrated successfully in the 1997 NAHSC2
demonstration, which included an eight car platoon scenario
with longitudinal and lateral controllers implemented on the
vehicles [2]. The PATH research effort on AHS has also mo-
tivated other research effort in Japan (AHSRA, Advanced
Cruise-Assist Highway System Research) and in other coun-
tries.
Automatic lane guidance or vehicle lateral control is an
important part of automated highway systems. There are
four critical components in vehicle lateral control systems:
road markers that define the road, sensors that recognize
the markers, intelligence to determine how to steer, and
the steering actuator that steers the wheels. The Califor-
nia PATH adopted the road reference system with magnets.2National Automated Highway System Consortium
Copyright c© 2003 by ASME
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tomated lane. Magnetometers are installed under both the
front and the rear bumpers of the vehicle to detect the mag-
netic field strength. The on-board computer then derives
the lateral deviation from the magnetic field strength, and
sets the steering force according to the control algorithm.
The necessity of two sets of magnetometers, front mag-
netometers and rear magnetometers, comes from the dif-
ficulties involved in achieving good lane-keeping control at
high longitudinal velocities with only one set of magnetome-
ters [5] [10]. A geometric look-ahead scheme has been pro-
posed for vehicle lateral control [9] [10], and has been proved
to be very successful for high speed vehicle lateral control
in the 1997 Demo. However, it has also been debated that
this scheme is NOT tolerant to a fault in magnetometers [6].
For safe and reliable operation, however, the AHS system
must be complete with a fault management system to ac-
commodate faulty conditions. A hierarchical fault manage-
ment structure proposed for the PATH AHS architecture
is described in [3] [4]. In this structure, the fault tolerant
control scheme for vehicle lateral control makes use of two
modules: a fault detection module to determine whether
a certain fault has occurred, and a fault handling module,
where special controllers are implemented to minimize the
impact of the fault on the system performance.
The work described in this paper belongs to the fault
handling module, and it focuses on a specific kind of fault,
the failures of rear magnetometers. It is assumed that the
fault detection module has already been designed and this
paper is concerned with the design of vehicle lateral con-
trollers with the remaining front magnetometers.
The paper is organized as follows. Section II presents
vehicle lateral dynamics and introduces the geometric look-
ahead scheme for vehicle lateral control. The effects of the
rear magnetometer failure are then examined and the con-
trol problem is recognized as the control of a LTV plant with
weakly damped zeros. Section III presents the controller de-
sign based on feedback linearization with mismatched ob-
server. The basic idea is described and details of the design
procedure are included. Further discussions on stability are
also presented. Section IV shows the experimental results,
which demonstrate the effectiveness of the controller design.
Conclusions are given in Section V.
1 Vehicle Lateral Dynamics and Lateral Control
1.1 Vehicle Lateral Dynamics
The motion of the vehicle is described by a four-state bi-
cycle model [7]. The bicycle model is a simplified, linearized
model for vehicle lateral dynamics. This model neglects
the roll, pitch, and bounce motion, regards the longitudinal
motion as a known motion, and assumes the yaw angle to2











Figure 1. The bicycle model for vehicle lateral dynamics
be small. Fig. 1 shows the bicycle model of a front-wheel
steered vehicle on a curve with radius Rref . In state space,
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where ys is the lateral error at the sensor position, εr is the
yaw angle relative to the road reference, δ is the steeringCopyright c© 2003 by ASME
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Downlangle input, εd is the yaw rotation of the road reference,
vx is the longitudinal velocity, M is the sprung mass of the
vehicle, Iz is the yaw moment of inertia, lf is the distance
between the mass center CG and the front axle, lr is the
distance between CG and the rear axle, Cf is the cornering
stiffness of the front tires, Cr is the cornering stiffness of
the rear tires, and ds is the distance of the lateral sensors
from vehicle CG.
Note that generally the longitudinal velocity will not be
a constant in highway driving, therefore, the longitudinal
velocity should be treated as a varying parameter, and the
bicycle model represents a linear parameter varying (LPV)
system, or a linear time varying (LTV) system. By fixing
the longitudinal velocity, the bicycle model is then linear
time invariant (LTI). For any fixed velocity, the transfer
function V (s) from the steering input δ to the lateral error
acceleration at sensor position ÿs can be written as:
V (s) =
Cf vx[(Mlfds + Iz)s
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2
1.2 Vehicle Lateral Control
The design requirement of vehicle lateral control is to
ensure small lateral errors and small relative yaw angles
while maintaining ride comfort. More specifically, 0.15m
maximum tracking error for highway driving and 0.3m max-
imum error for 0.3g automated steering maneuvers without
any prior knowledge of the roadway. And no noticeable
oscilations at frequencies above 0.3Hz are allowed for pas-
senger comfort.
Analysis and design issues in vehicle lateral control can
be found in [9]. Lateral controllers have been designed based
on a geometric look-ahead scheme, which redefines the con-
trolled output as the lateral error at a relatively large dis-
tance ds ahead of the vehicle CG [10] and [11]. The advan-
tages of the geometric look-ahead scheme comes from the
observation that with a larger ds, 1) V (s) has larger phase
lead; 2) system zeros become more damped and move away
from the origin; 3) V (s) become less sensitive to the changes
of the longitudinal velocity. To enjoy these advantages, ds
should be taken larger than lf , i.e. the lateral sensor should
be placed ahead of the vehicle. However, since it is not
practical to install magnetometers some distance ahead the
vehicle, a so-called virtual sensor is used. The output of the
virtual sensor is constructed from the outputs of the front3








where yvs is the constructed virtual look-ahead sensor out-
put, yf and yr are the output of the magnetometers at the
front bumper and the rear bumper. df or dr is the distance
from front bumper or rear bumper to vehicle CG. Note that
a small yaw angle approximation is being made in Eq. 3,
i.e. very large yaw angle will give inaccurate virtual sensor
reading yvs.
Thus, by introducing a relatively large ds, the geomet-
ric look-ahead scheme reduces the complexity of the design
problem and eases the controller design. More importantly,
with a dynamic look-ahead distance, the transfer function
become less sensitive to the changes of the longitudinal ve-
locity, hence, a LTI controller is able to achieve required
performance.
Lateral controllers have been designed based on the ge-
ometric look-ahead scheme by PATH researchers, and have
been proved to be very successful in experiments and the
1997 Demo. However, all these experiment scenarios as-
sumed that there is no fault in either the front or the rear
magnetometers, and the scheme’s ability to tolerate faults
in magnetometers is doubtful. Analysis has then been con-
ducted on the performance of these controllers with mag-
netometer failures. Simulations show that when rear mag-
netometers fail, the performance of the closed-loop system
degraded, though the closed-loop system is still stable; and
when front magnetometers fail, the vehicle lateral dynam-
ics becomes non-minimum phase and the geometric look-
ahead based controllers can NOT even guarantee stabil-
ity [6]. Therefore, degraded mode controllers must be de-
signed to guarantee safety and performance under fault in
magnetometers. The remainder of the paper will focus more
on the vehicle lateral control with rear magnetometer fail-
ure.
1.3 Front Magnetometer Based Vehicle Lateral Con-
trol
When rear magnetometers fail, only front magnetome-
ter measurements are available for the lateral control.
(Though there are other sensors on-board the vehicle, such
as yaw rate sensor and accelerometer, they do not provide
information on the lateral error.) Hence, the degraded mode
lateral control under fault in rear magnetometers is actu-
ally the front magnetometer based (FMB) vehicle lateral
control. Fig. 2 shows the vehicle lateral dynamics with
look-ahead distance, and the FMB vehicle lateral dynam-
ics. It is obvious that for FMB vehicle lateral dynamics, theCopyright c© 2003 by ASME
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Figure 2. The effects of magnetometer failures
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Figure 3. The weakly damped zeros in case of rear magnetometer fail-
ure
luxurious phase lead provided by the look-ahead scheme is
diminished.
Closely related to the phase is the system zeros. It is
observed in section 1.2 that the system zeros become less
damped as ds gets smaller; and for FMB vehicle lateral dy-
namics, ds decreases to df , leaving the system zeros weakly
damped. To make it worse, these zeros become even less
damped and move closer to the imaginary axis as the lon-
gitudinal velocity increases (Fig. 3), which implies that the
control at higher longitudinal velocity is more difficult.
More importantly, when ds is small and fixed, the ef-
fects of the longitudinal velocity changes on the transfer
function V (s) become more significant (Fig. 4), which indi-
cates that we can no longer ignore the linear time varying
(LTV) property of the vehical lateral dynamics, and a fixed
linear time invariant (LTI) controller will NOT be able to
provide sufficient performance in the whole operating range
(i.e. 0 ≤ vx ≤ 40m/s).
Thus, the degraded mode lateral control based on front
magnetometers can be casted as the control of a LTV plant4
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Figure 4. The effect of the longitudinal velocity on V (s) with front mag-
netometers (vx = 10, 20, 30, 40m/s)
with weakly damped zeros. It is well-known that a LTV
controller can achieve better performance for the control of
LTV plants than a LTI controller can. Popular methods of
LTV controller design include the gain scheduled H-infinity
loop shaping method, the Linear Parameter Varying (LPV)
control technique, and so on. The former method derives
several LTI controllers by fixing the LTV plant and the con-
trol is switched between these LTI controllers. However, it
may be difficult to prove the stability of the switching mech-
anism . On the other hand, the LPV controller is a sin-
gle LTV controller, theoretically; however, its derivation in-
volves solving Linear Matrix Inequality (LMI) with infinite
dimension constraints and the actual solution is very diffi-
cult to derive [12]. Hence, in practice, solutions are found
by griding the changing parameter and LTI controllers are
constructed from these solutions. In consequence, the ac-
tual controller still involves switching or linear interpolation
between these LTI controllers [13]. In this paper, a simple
LTV controller without any switching mechanism is sought,
and the design method is feedback linearization with mis-
matched observer [14].
2 Controller Design based on Feedback Linearization
with Mismatched Observer
2.1 Basic Ideas
Feedback linearization has been recognized as a power-
ful method for nonlinear or time varying systems, hence, it
is natural to apply feedback linearization to LTV systems
with the expectation that the feedback linearization will
cancel out the time varying terms and do the job of gain
scheduling. However, since the front magnetometer based
(FMB) vehicle lateral dynamics also have weakly damped
zeros, and with state feedback or matched observer (such
as luenberger observer and kalman filter) state feedback,Copyright c© 2003 by ASME
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the open-loop system zeros will remain in the internal dy-
namics. Therefore, the internal dynamics will also become
weakly damped. To solve this problem, a mismatched ob-
server is designed to provide state estimates for feedback
and to achieve better closed-loop modes. Fig. 5 shows the
overall closed-loop configuration of feedback linearization
with mismatched observer.
2.2 The Controller Design
Feedback Linearization The relative degree of the
vehicle lateral dynamics is 2; therefore, the desired closed-
loop system is of 2nd order, which can be written as:
ÿf + k1ẏf + k2yf = ÿd + k1ẏd + k2yd (4)
yd is the desired lateral error, and yd(t) ≡ 0, i.e. ÿf +k1ẏf +
k2yf = 0. Choose ds = 0 in system matrix (Eq. 1), i.e. the
states are chosen as:
x =
[
ycg ẏcg εr ε̇r
]T
, then, yf =
[
1 0 df 0
]
x
Based on the desired closed-loop dynamics, the control in-
put u, i.e. δ, can be easily derived.
u =
−k1ẏf − k2yf − (A2 + dfA4)x̂
b21 + df b41
(5)
where A2 and A4 are the second and fourth rows of the A
matrix in the state equations (Eq. 1, with ds = 0), and x̂
is the state estimates given by the mismatched observer.
Notice that the feedback gains are functions of A matrix,
which varies with the longitudinal velocity; therefore, the
feedback gains also vary with the longitudinal velocity.
Design of the Mismatched Observer The objective
of the mismatched observer is to provide state estimates for5
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feedback linearization, and to achieve more damped closed-
loop poles. Here, the mismatched observer is designed based
on H-infinity optimal control techniques. The H-infinity
synthesis is shown in Fig. 6, where G is the FMB vehicle
lateral dynamics, F is the feedback gain of feedback lin-
earization, d1 and d2 are normalized disturbances, and e1
and e2 are the normalized errors to be minimized.
Both the road curvature and the sensor noise are re-
garded as disturbances; and in order to provide accurate
estimates for feedback linearization, the difference between
the states x and their estimates x̂ is treated as an error to be
minimized. The control force u (i.e. δ) is also treated as an
error to be penalized properly to avoid actuator satuation
and excitation of high frequency modes.
An important part of the H-infinity controller design
lies in the selection of proper weighting functions. These
weighting functions characterize the dynamic property of
the disturbances, and incorporate the performance require-
ments in the design. The weighting functions in the mis-
matched observer design have been chosen as follows:
Modeling of the lateral disturbance ε̇d
The lateral disturbance ε̇d in Eq. 1 can be modeled from
the road curvature ρ by:
ε̇d = ρvx
where vx is the longitudinal velocity. The maximum
magnitude of the road curvature is set to be 1/(800m)
in the H-infinity synthesis, which corresponds to a curve
with radius 800m. Compared to the curves on gen-
eral highways which have radius larger than 1000m, the
weighted disturbance is larger. Since the road curva-
ture does not change frequently on highways, the distur-
bance can be modeled as a band-limited signal. How-
ever, in order to keep the order of the controller small,
the order of the disturbance model is chosen to be zero:
Wdist =
vx
800Copyright c© 2003 by ASME
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Since the measurement noise generally has high fre-
quency components, the weighting function on noise
should be a high pass filter. In consideration of the
order of the resulting controller, however, the noise




Penalty on the estimation errors
There are four states, and there are four weighting func-
tions, each on one state estimation error. First consider
the weighting function on the estimation error of x1, the
lateral deviation at vehicle CG. The weighting function
will have similar requirement as that for the lateral er-
ror measurement yf . The high frequency components of
the lateral error measurement are considered as noise.
This is because the road curvature is piecewise con-
tinuous and the vehicle dynamics contain mainly low
frequency dynamics. Thus the penalty is set high on





Since yf = x1 + dfx3, the weighting on the yaw angle
x3 is set to be df times of the weighting on x1. We
are more concerned with the accuracy of the lateral
deviation and yaw angle; therefore, the weightings on
the lateral deviation derivative and yaw rate are simply







Wy 0 0 0
0 1 0 0
0 0 dfWy 0





Penalty on the control input δ
The high frequency component of the control force must
be restricted because it may saturate the actuator and
excite the unmodeled high frequency dynamics. There-
fore, the penalty is set high at high frequencies, and
the bandwidth of the controller is restricted to be lower
than that of the actuator (which is around 5Hz). To
avoid excitation of suspension mode, a notch filter is
added at 5Hz.
Wu = Wactuator × Wsuspension6




















































s2 + 1.6πs + (10π)2
s2 + 10πs + (10π)2
Synthesis Result The mismatched observer thus de-
signed is fifth order, and the resulting controller is the com-
bination of the feedback linearization and the mismatched
observer. Notice that only the feedback gain changes as
the longitudinal velocity changes, while the mismatched ob-
server is fixed. Hence the implementation of the controller is
much simpler than the general gain scheduled controllers.
Fig. 7 shows the bode plot of the resulting controller at
several velocities (note that the controller is LTV). As the
longitudinal velocity increases, the controller provides more
phase lead to compensate for the increasing phase lag of the
vehicle lateral dynamics.
2.3 Discussion on Stability
At first glance, it may be easily assumed that the closed-
loop system will be definitely stable since H-infinity op-
timal control techniques are employed to design the mis-
matched observer. However, even with exact state feedback,
feedback linearization only results in a LTI input-output
relationship, leaving the internal dynamics time varying.
Therefore, to design the mismatched observer based on H-
infinity techniques, the internal dynamics should still be
fixed (e.g. the velocity is fixed at 20m/s for the observer
design). Consequently, the H-infinity technique will only
guarantee closed-loop stability at this fixed velocity (i.e.
vx = 20m/s); there is no guarantee for stability in the whole
operating range (0 < vx < 40m/s).
To analyze the stability in the whole operating range,
the concept of Quadratic Stability is utilized. According
to [12], for a Linear Parameter Varying (LPV) system with
a varying parameter ρ, given a compact set of P ⊂ R, the
closed-loop LPV system is Quadratically Stable over P if
the closed-loop system matrix Aclp is Hurwitz for all ρ ∈Copyright c© 2003 by ASME
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parameter is the longitudinal velocity vx, and the set P =
{vx : 0 ≤ vx ≤ 40}. It is not difficult to verify that the
closed-loop system matrix Aclp is indeed Hurwitz for all vx
satisfying 0 ≤ vx ≤ 40, hence, the closed-loop system is
Quadratically Stable.
3 Experimental Result
Experiments have been conducted at Richmond Field
Station at UC Berkeley. The testing vehicle is a Buick
LeSabre. Its parameters are shown in Table I. Fine tun-
ing has been conducted on the controller by trial and error
according to experimental results, and the final controller is
shown in Fig. 8. Compared with the synthesis result (Fig.
7), the main difference is the adjustment of the low fre-
quency gain. After the fine tuning, the controller achieved
the performance shown in Fig. 9. ρ is the road curvature
at Richmond Field Station. Here the largest and small-
est radius of the curve are about 480m and 220m, which
is really small compared with the radius on general high-
way which is larger than 1000m. yf and yr are the mea-
surement of front magnetometers and rear magnetometers.
(Rear magnetometer measurement is NOT used in the con-
trol algorithm; it is plotted only to show the error at the
rear bumper.) For longitudinal velocity up to 16m/s, the
maximum lateral error is around 0.1m. (The largest lateral
error is actually at the beginning at around t = 5s, but it
is the initial lateral error depending on the initial position
of the vehicle relative to the road centerline, and should
not be counted as the controlled lateral error). The steady
state lateral error on a straight lane is smaller than 0.02m.
From the plot of the steering input δ, we can also observe
that the steering is rather smooth, with the high frequency
component around 1Hz.
The vehicle was tested up to 20m/s at Richmond Field
Station, and the performance was quite satisfactory. The
route at Richmond Field Station only allows low speed test-
ing, and high speed testing will be performed at Crows
Landing3.
4 Conclusions
This paper presented the design of the degraded mode
vehicle lateral control under fault in rear magnetometers,
i.e. the design of the front magnetometer based (FMB) vehi-
cle lateral control. Since the FMB vehicle lateral dynamics
is sensitive to the changes of the longitudinal velocity, a LTV
controller was designed to meet the performance require-3High speed testing results will be included in the final version of
this paper
7
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Symbols Value Symbols Value
m 1740Kg g 9.8m/s2
l1 1.04m l2 1.76m
Cf 70000N/rad Cr 130000N/rad
Iz 3214Kgm
2
front magnetometer−based (FMB) controller (tested) 
(v
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Figure 8. The controllers tested in the experiments
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Figure 9. The experimental result (testing vehicle: Buick Lesabre)
ments. Instead of designing the LTV controller by switch-
ing the control between several LTI controllers, a simple
LTV controller was designed based on feedback lineariza-
tion with mismatched observer. The feedback linearization
provides a simple and effective way of gain scheduling, and
the mismatch observer prevents the weakly damped zeros of
the FMB vehicle lateral dynamics from being contained in
the internal dynamics. The stability of the overall closed-Copyright c© 2003 by ASME
se: http://www.asme.org/about-asme/terms-of-use
Downloop system was examined and Quadratically Stability was
achieved. Experiments have been conducted at Richmond
Field Station, and the results demonstrated the effective-
ness of the proposed controller design.
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